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I I n t r o d u c t i o n  

The WS-116 i s  d e s i g n a t e d  a p r e - a m p l i f i e r .  Perhaps i t  i s  more 

d e s c r i p t i v e  t o  u s e  t h e  term " c o n t r o l l e d  o u t p u t  c u r r e n t  switch."  I t s  b a s i c  

f u n c t i o n  i s  i l l u s t r a t e d  i n  Figure 1. The p r e - a m p l i f i e r  i s  used t o  conve r t  

a l o g i c a l  "one" o u t p u t  from a f l i p  f l o p  i n t o  a one ampere p u l s e .  T h i s  

p u l s e  i n  t u r n  s a t u r a t e s  a power t r a n s i s t o r  which d e l i v e r s  a h igh  c u r r e n t  

p u l s e  (10 amperes) t o  a t r a n s f o r m e r .  

For optimun performance, the p r e - a m p l i f i e r  otl tput c u r r e n t  should 

be h i g h  enough t o  f u l l y  sat- rate the power t r a n s i s t o r  but  should n o t  

g r e a t l y  "overdrive" i t  a s  t h i s  would i n c r e a s e  s w i t c h i n g  t i m e s .  I n  a d d i t i o n ,  

i t  i s  n e c e s s a r y  t o  o p e r a t e  over  t h e  e n t i r e  t empera tu re  range -55 t o  +125OC 

and tu rn -on  and t u r n - o f f  times should be on t h e  o r d e r  of . 2 5 p  s e c .  A 

f u r t h e r  r e s t r i c t i o n  on t h e  p r e - a m p l i f i e r  i s  t h e  s e v e r e  power l i m i t a t i o n  o f  

ou r  p r e s e n t  i n t e g r a t e d  c i r c u i t  s t u d  package 15'CIwatt. 

Tc ~ e e t  t h e  ahn17e requirements .  t h e  p r e - a m p l i f i e r  c i r c u i t  of  

F i g u r e  2 was chosen. It i s  a simple means of approaching a c o n s t a n t  o u t p u t  

c u r r e n t  swi t ch ,  " t r i g g e r e d "  by a minimum v o l t a g e - c u r r e n t  i npu t  bu t  r e l a t i v e l y  

i n s e n s i t i v e  t o  h i g h e r  v o l t a g e  inpu t s  o r  l a r g e  t empera tu re  changes.  Because 

bo th  D a r l i n g t o n  t r a n s i s t o r s  a r e  normally u n s a t u r a t e d  and "excess" i n p u t  

c u r r e n t  i s  shunted,  t h e  s w i t c h i n g  t i m e  i s  r e l a t i v e l y  c o n s t a n t  w i t h  r e s p e c t  

t o  i n p u t  c o n d i t i o n s .  

A composite drawing of the d e v i c e  geometry i s  shown i n  F igu re  7 .  

Also inc luded  i s  t h e  complete c i r c u i t r y  of t h e  dua l  d e v i c e .  

The b a s i c  p r i n c i p l e  of  o p e r a t i o n  i s  t h a t  t h e  Dar l ing ton  i n p u t  i s  

shunted by t h r e e  forward b i a sed  diodes.  A t  low i n p u t  v a l t a g e  and hence 

v e r y  low c i l r r e n t  thrcligh t k e  forward b i a s e d  d iodes  t h i s  shunt  impedance i s  

v e r y  h i g h .  A s  t h e  i n p u t  v o l t a g e  approaches t h e  VBE of t h e  D a r l i n g t o n  f o r  one  
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ampere c o l l e c t o r  c u r r e n t ,  t h e  shunt beg ins  t o  conduct a p p r e c i a b l y  and i t s  

impedance d e c r e a s e s  r a p i d l y  ( f o r  a forward b i a s e d  diode RDe kT ). S l i g h t l y  

qID 
above one ampere D a r l i n g t o n  c u r r e n t ,  t h e  d iode  shun t  i s  drawing enough c u r r e n t  

through Rs so t h a t  it e s s e n t i a l l y  shun t s  o u t  any "excess"  i n p u t  s i g n a l .  

The d iode  shunt  i s  e f f e c t i v e  over  a wide t empera tu re  range because t h e  

t empera tu re  c o e f f i c i e n t  of two of t h e  shunt  d iodes  matches t h e  D a r l i n g t o n  

d iodes  and t h e  t h i r d  d i3de  v a r i e s  i n  t h e  o p p o s i t e  nanner  a s  t h e  c u r r e n t  

g a i n  of t h e  D a r l i n g t o n .  A d e z a i l e d  a n a l y s i s  i s  preser i ted ir! a l a t e r  s e c t i o n .  
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I1 Results 

The initial target specifications desired by NASA are 

summarized in Table I. These specifications were later qualified to 

mean compatibility with an input signal consisting of a logic circuit 

output such as a flip flop; and a load transistor such as the 2N 1016. 

The results obtained with the WS-116 are summarized in Table I1 

and Figure 3. Average values per unit are used in Figure 3. The 

circuit used to simulate appropriate input and load conditions is 

shown in Figure 5. Two different input voltages were used to "bracket" 

various input signals. An "average" summary of results is shown below. 

It may be considered a "typical performance". 

Tenp 

Vin = 3 . 0 ~  

I out, amps 
uiL,PaLL- 

t offpsec.* 
e -.. .I.-.__ * 

Vin = 3.511 

I out, anps 
t OD, ysec. 
t off, p s e c .  

Average Performance 

-55 25OC - - 

1.20 
n ; 2 6  
0.18 

1.40 
0.30 
0.17 

1.40 
0.28 
0.22 

1.60 
0.34 
0.24 

+125 - 

1.10 
0.24 
0.18 

1.20 
0.26 
0.20 

* Times refer to total current switched. 
While the data variation between units (See Table 11) is 

quite large the following general conclusions may be drawn. 

(1) While maintaining a minimum current of 1 amp at -55'~~ it 

is possible t o  hold the output current of the device well 

below 2 anps at higher operating temperatures. 

The average "propagation delay" or(ton+ toff)/2 is about 0 . 2 5 ~  

sei. at all temperatures for the total current switched. 

(2) 

1 



1 
I 
I 
1 
I 
I 
I 
I 
I 
I 
c 
1 
1 
I 
I 
I 
I 
I 
I 

-4- 

(3)  Propagation delay for switching 1 amp is about 0 . 2 0 ~  sec. at 

all temperatures. 

I11 Discussion of Results 

A. Comparison with Target Specifications 

(1) Output current 

In general, the performance with respect to output current was 

very satisfactory. Only a rough control of current is required and Figure 3 

shows this has bee3 obtained. Variations in output current are due 

primarily t3 variations in Darlington current gain (hfe), and the internal 

emitter series resistance (Rse). A plot of output current versus current 

gain and temperature for two different input voltages is shown in Figure 4 .  

At higher input voltages the very high gain units show a greater variation 

of output current with temperature thus putting an upper limit on the 

useful beta range. 

In order to provide a basis for evaluation it becomes appropriate 

to compare the WS-116 with some of the more conventional means of current 

control. These are shown in Figure 6. One of the primary disadvantages 

of both techniques is the difficulty of obtaining precision 1.0 ohm 

integrated circuit resistors. Higher value resistors can be used if 

power consumption is not a problem and an adequate voltage is available. 

A preliminary study of both circuits indicates that with present in.tegrated 

circuit techniques, the anticipated current control might be no better than 

that of the WS-116 and switching time would be much slower,since the 

available signal from a logic block is a very poor source t o  drive either 

circuit in Figure 6. A recent study of heavily doped resistors, which 

would be used for low values of resistance, indicates the following 

value of temperature coefficients. For the circuits of Figure 6 the 
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o u t p u t  c u r r e n t  v a r i a t i o n  would be of  t h i s  o r d e r  of magni tude.  

-55 25 +125 Temperature C 

R e s i s t a n c e  R a t i o  0.95 1 .o 1.1 

0 

Of cour se ,  t h e  b e s t  c i r c u i t  choice depends a g r e a t  d e a l  on t h e  d e t a i l s  

of t h e  s p e c i f i c  s i t u a t i o n .  

B. Swi tch ing  T i m e s  

The tu rn -on  and turn-of f  t imes ob ta ined  w i t h  t h e  WS-116 coinpare 

f a v o r a b l y  w i t h  t h e  t a r g e t  s p e c i f i c a t i o n .  The v a l u e s  r eco rded  i n  Table  I1 

and t h e  " t y p i c a l "  v a l u e s  of t h e  prev ious  page r e f e r  t o  swi t ch ing  t h e  t a t a l  

c u r r e n t .  Th i s  g i v e s  a wors t  c a s e  v a l u e .  Neve r the l e s s ,  t h e  ave rage  of 

t h e  tu rn -on  and t u r n - o f f  t imes was c l o s e  t o  0 . 2 5 ~  sec .  under a l l  c o n d i t i o n s .  

Turn-on t i m e s  were on t h e  h igh  s i d e  of t h e  t a r g e t .  On t h e  b a s i s  of t h e  t ime 

r e q u i r e d  t o  Switch 1 amp, t h e  average  was w e l l  under 0 . 2 5 ~  sec. under  a l l  

c o n d i t i o n s .  

C. Breakdown Vol tane  LVCEO 

The LVCEO of  t h e  devices  ranged from 8 t o  1 7  v o l t s ,  a l t hough  

t h e  c o l l e c t o r  r e s i s t i v i t y  should  have g iven  much h i g h e r  breakdowns. The 

low breakdowns a r e  a t t r i b u t e d  t o  o u t d i f f u s i o n  from che f l o a t i n g  c o l l e c t o r  

d u r i n g  sabsequent  p rocess ing .  

low s h e e t  r e s i s t a n c e  i n  t h i s  d i f f u s i o n ,  lower i n  f a c t  t h a n  a c t u a l l y  r e q u i r e d .  

Backing o f f  on t h e  f l o a t i n g  c o l l e c t o r  s h e e t  r e s i s t i v i t y  should  g i v e  much 

h i g h e r  breakdowns, ( o t h e r  p rocess ing  v a r i a b l e s  kep t  c o n s t a n t )  w i th  o n l y  a 

s l i g h t  i n c r e a s e  i n  s a t u r a t i o n  r e s i s t a n c e .  

D. Leakage Curren t  I C E 0  a t  5.0 v o l t s  

Recent ly  we have been a b l e  t o  o b t a i n  v e r y  

Although n o t  s p e c i f i e d  i n i t i a l l y ,  i t  i s  r easonab le  t o  assume a 

maximum d e s i r a b l e  leakage  c u r r e n t  of  about  l o o p .  

shou ld  g i v e  leakage  c u r r e n t s  l e s s  t h a n  l 0 ~ A .  

Rout ine  p r o c e s s i n g  
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E .  O v e r a l l  D a r l i n g t o n  Cur ren t  Gain - BETA 

S ince  t h e  d iode  s h u n t  i s  a c u r r e n t  "robbing" device,  it i s  n e c e s s a r y  

t o  measure b e t a  a t  a c o l l e c t o r  c u r r e n t  l e v e l  where t h e  shunt  i s  i n o p e r a t i v e .  One- 

t e n t h  amp w a s  chosen.  As Table I1 and F i g u r e s  3 and 4 show, t h e  u s e f u l  

b e t a  range (25OC measurements) i s  from 3300 t o  abou t  20,000 depending on 

i n p u t  v o l t a g e  and minimum and maximum a l l o w a b l e  o u t p u t  c u r r e n t .  Th i s  

r e p r e s e n t s  a n  i n d i v i d u a l  t r a n s i s t o r  g a i n  of abou t  55 t o  150, which seems 

l i k e  a r e a s o n a b l e  p r o c e s s i n g  g o a l .  

A more optimum Dar l ing ton  b e t a  r ange  would be 4000 t o  6000. Th i s  

r equ i r emen t  however, cou ld  r educe  y i e l d s  c o n s i d e r a b l y .  

F. Stud Package 

Although a c o n s i d e r a b l e  e f f o r t  was made t o  o b t a i n  a s a t i s f a c t o r y  

s i x - l e a d  package cer ta in  t e c h n i c a l  d i f f i c u l t i e s  made it  necessa ry  t o  

r e s o r t  t o  a m a k e s h i f t  s o l u t i o n .  

It i s  recommended t h a t  i n  t h e  f u t u r e  a d e t a i l e d  i n v e s t i g a t i o n  

o f  t h e  the rma l  impedance and mechanical s t r e n g t h  of  v a r i o u s  packaging 

a l t e r n a t i v e s  be unde r t aken  b e f o r e  a f i n a l  d e s i g n  i s  accep ted  f o r  h i g h  power 

i n t e g r a t e d  c i r c u i t  a p p l i c a t i o n s .  
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I V  F u t u r e  A p p l i c a t i o n s  

E f f e c t i v e  c u r r e n t  c o n t r o l  by t h e  d iode  shun t  p r i n c i p l e  h a s  been 

c l e a r l y  demonstrated by t h i s  s tudy.  The f o l l o w i n g  pa rag raphs  e x p l o r e  t h e  

b a s i c  l i m i t a t i o n s  of  t h e  d e v i c e  with r e g a r d  t o  f u t u r e  a p p l i c a t i o n s .  

A. Opera t ing  Voltage 

The l i m i t a t i o n s  a r e  t h e  LVCEO of  t h e  d e v i c e  and t h e  r equ i r emen t  

t h a t  t h e  d i f f e r e n c e  between i n p u t  and o u t p u t  v o l t a g e  be kept  i n  t h e  r ange  

of 2.5 t o  3.5 v o l t s .  The d i o d e  shunt p r i n c i p l e  does n o t  depend on t h e  

c o l l e c t o r  v o l t a g e  and p r e s e n t  t echn iques  could be used t o  make d e v i c e s  

o p e r a t i n g  i n  t h e  50 t o  100 v o l t  range. 

B. Output C u r r e n t  Level  

T h e o r e t i c a l l y  i t  i s  p o s s i b l e  t o  d e s i g n  around a c e n t e r  v a l u e  of 

a lmost  any magnitude of o u t p u t  c u r r e n t ,  and h o l d  t h i s  v a l u e  from u n i t  t o  

u n i t  as  w e l l  as  o v e r  a wide range of t empera tu re  and i n p u t  v o l t a g e  

c o n d i t i o n s .  Each case, however, would have t o  be c o n s i d e r e d  s e p a r a t e l y  

s i n c e  i n s e r t i n g  r e s i s t a n c e s  i n  the  emi t te r ,  b a s e  o r  shun t  l e g s  might be 

r e q u i r e d .  It a l s o  may be exped ien t  t o  i n c r e a s e  t h e  number of shun t  d i o d e s .  

C. Output Cur ren t  Con t ro l  

A s  w i l l  be shown i n  Sec t ion  V a rough approximation f o r  o u t p u t  

c u r r e n t  i s  

I o u t  = p V F  / (Rb + p R s e )  

where / = d a r l i n g t o n  c u r r e n t  g a i n ,  b e t a  

VF = d i o d e  forward drop 

Rse = e m i t t e r  s e r i e s  r e s i s t a n c e  i n h e r e n t  t o  t h e  d e v i c e .  

To o b t a i n  a v e r y  narrow range of  o u t p u t  c u r r e n t  i t  i s  n e c e s s a r y  

t o  ho ld  t h e s e  pa rame te r s  t o  t h e  a p p r o p r i a t e  t o l e r a n c e s .  



C .  Output Current Control (contd.) 

A balance must therefore be chosen between y i e l d  and output 

tolerances.  

Sect ion V shows that several  types of temperature var iat ions  may be 

obtained. 

Temperature var iat ion may roughly be assumed as  220% although 
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V D e r i v a t i o n  of  Expres s ions  f o r  Output Cur ren t  

A .  Express ion  f o r  Output Current  

A g e n e r a l i z e d  c i r c u i t  diagram f o r  t h e  preamp i s  shown i n  F i g u r e  8. 

We a r e  concerned w i t h  t h e  c u r r e n t s  f lowing  through t h e  d a r l i n g t o n  v e r s u s  

t h e  d i o d e  shun t  as  a f u n c t i o n  of i n p u t  v o l t a g e ,  o u t p u t  c u r r e n t  and 

t empera tu re .  

For t h e  d a r l i n g t o n :  

Vin - Vout - I tn  (Rin + Rs) = IbRb + I b  ( r b '  +f l lRsel)  

+ I b 2  ( r b I 2  + F 2 R s e  2 )  + 2VF * + Iout Re 

where VF = forward v o l t a g e  drop of  a d i o d e  

Vin = source  inpu t  v o l t a g e  

Vout= l oad  v o l t a g e  

R i n  = source  s e r i e s  r e s i s t a n c e  

Kse 2 - - - 2  - -  ---.e*-- re"; r + 3 " r n  
U r V L L r  r l l l l L L C L  J C L I C Y  L C O * " C U . * - b .  

To a f i r s t  approximation,  t h e  d a r l i n g t o n  b e t a  /=/1/2, t h e  p roduc t  

of  t h e  i n d i v i d u a l  t r a n s i s t o r  be t a s .  Neg lec t ing  r b '  and assuming Rse l<HRse , ,  

I b ( r b '  + F l R s e l )  + I b 2 ( r b '  +/B,RseJ Ib/BRse2 O r  o m i t t i n g  t h e  s u b s c r i p t  

I F s e .  

L L  

2 

Equat ing (1)  and ( 2 )  

R 
g 

* A c o r r e c t i o n  f a c t o r  can  be i n s e r t e d  t o  a l l o w  f o r  t h e  f a c t  t h a t  t h e  b a s e - e m i t t e r  
d i o d e  of  t h e  power t r a n s i s t o r  i s  conduc t ing  a v e r y  h i g h  c u r r e n t  and t h e r e f o r e  
i t s  forward d r o p  i s  a b o u t  0.1 v o l t s  h i g h e r  t han  a shun t  d iode .  

I 
I 

~~~ 
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Temp. - 5 5 O C  25OC +125OC 

0.33 1 .o 2.20 

1 .oo 1 .o 1.00 

1 . 3 3  1 .o 0 .67  
0.85 1 .o 1.30 

S u b s t i t u t i n g  i n  (2)  and u s i n g  Iin = Ib + ' shunt,  Via- VOut - Ib (RhM8)= 

I b  +/B(Rse + R e d  + R i n  + 7 - pq r i n  < 'j + 2VF 

R13 
I 

Giving: 

I o u t  =p I b  

=/B 

..I 

Rin + R, + E + p ( R s e  + Re)  J 1 + lRin ; 
L - 4  

I n  a n  a p p r o p r i a t e l y  des igned  u n i t  R i n  + Rs , 
Rg 

and, e q u a t i o n  ( 4 )  s i m p l i f i e s  t o  

'out 'F 
Rb + p ( R s e  + R e )  

(5)  

B. Output Cur ren t  V a r i a t i o n  With Temperature 

The f o l l o w i n g  t a b l e  of normalized v a l u e s  o f / ,  VF and Rb may be 

c o n s i d e r e d  t y p i c a l  f o r  i n t e g r a t e d  c i r c u i t s .  
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The darlington beta varies roughly as the "square" of an individual 

transistor beta. 

by Equation (5). 

Figure 9 is a normalized plot of Iout as calculated 

Three curves are obtained for the assumptions: 

Rb >>/(Rse + Re) all temp. 

all temp. (B(Rse + Re))) Rb 

/B (Rse + Re) = Rb 25OC 

Figure 9 suggests the possibility of designing for several different types 

of variation of output current with temperature. It is interesting to 

contrast the curves of Figure 9 with those of Figure 3. 

The design values for the WS-116 are as follows: 

Temp. -55 - 25 +125OC 

Rb, ohms 640 750 1,000 

2,000 6,000 13,200 

0.25 0.25 0.25 Rse, ohms 

VF, volts 0.80 0.60 0.40 

lout, amps 1.40 1.60 1.25 

The estimate calculated from the above parameter values by using 

/B 

Equation ( 5 ) ,  gives a good "ballpark" figure. The accuracy of the estimate 

is somewhat misleading. For  greater accuracy a more detailed calculation 

procedure is generally used. 

In the WS-116 no additional Re was used, although this feature is 

desirable, because of the difficulty of obtaining the 0.1 to 0.5 ohm resistor 

values which would be required. In addition the shunt diode resistance was 

high enough withoat the use of a separate Rg. 

analysis for the sake of obtaining generality. 

Re and R were included in the g 



1. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
1 
1 
I 
I 

. 
-12- 

C. Output  Curren t  v e r s u s  Input  Vol tage  

A v e r y  impor t an t  c o n t r o l  f e a t u r e  i s  t h e  r e l a t i v e  independence of 

o u t p u t  c u r r e n t  on  i n p u t  v o l t a g e .  Equation (3)  i n d i c a t e s  t h e  mechanism f o r  

t h i s .  Once t h e  p roduc t  I b  (Rb +&se + Rd ) exceeds V t h e n  t h e  F - - 
r a t i o n  of shun t  t o  base  c u r r e n t  approaches I shunt  = +/B(Rse  + R A  /Rg 

I b  
= > > l . O  

I n  t h e  WS-116, Rg i s  on ly  t h e  dynamic impedance of t h e  d iode  kT/qI,  

and t h i s  r e s i s t a n c e  becomes q u i t e  small  w i t h  o n l y  a moderate  shun t  c u r r e n t  

f lowing .  The shun t  c u r r e n t  does flow through t h e  s e r i e s  r e s i s t a n c e  (Rin + Rs),  

p roducing  a v o l t a g e  drop  which d i s s i p a t e s  any "excess"  i n p u t  s i g n a l .  

1 
1 
I 
1 
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T A B L E  I 

Target Swcificrtiens 

supply Voltage 

Iaput Signal 

Output for above signal 

Dehy plus riro of Output for 
a step input 

Storage and f a l l  time without 
back biar 

Worrt case design te meet 
specifications ever temperature 
r w e  

4.0 Volts 

4 volts aad 5 rm 

1 ampere  mi^ 

0.25 8 0 C  m8~. r 
0.25 S ~ C   ma^. /u 
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Fig. 1 

!VS-116, System Function 

I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
1 

I 

h g i c  block (1) Preunplif i e r  1 ~romimi 
output 1 m 0 4 v  IA 9 1v 

vc c=5 . ov 
IC = IA P vccQ.8v 

IC = 1OA P 
r--- 

Power Transistor 

1OA 

(1) Emitter-follower (high fan out) portion of logic system is shown 



-18- 

Fig. 2 

WS-115 Circui t  Diagram (1) 

I out  - 

(1) The IJS-116 is a dual c i r c u i t  so t he  above diagram is one half 
of the total  func t iona l  block. See Fig. 7 
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Output Current VB Darlington Beta 

Input Voltage and Temperature 
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50.d1) inpu; 

c 

Fig. 5 

Test C i rcu i t  

!VS-116 

(1) Simulates t h e  minimum s e r i e s  r e s i s t ance  o f  a logic device output .  
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Fig. 6 

Conventional means of cu r ren t  c o n t r o l  

k output 
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Generalized Circuit Diagram 
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